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— Exploring the QCD phase diagram with fluctuations of
-~ conserved charges
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Expansion of the pressure:

fom 3 e () (5) (%)
Ti A ag e e ) \r ) \T
/ \\ X = B, (Q, S: conserved charges
J/Lattice \i/ Experiment

x _ 9"[p/T?] VT3 xX = ((0Nx)?)
T BRI e VIR = (6Nx)") —3((ON)?)’
generalized susceptibilities VT? xg = ((0Nx)*)
—15 ((6Nx)*) ((6Nx)*)
—> onlyatux = 0! 430 <(5NX)2>3

cumulants of net-charge fluctuations

—> only at freeze-out (u+(v/3), Ts(1/3))!

Christian Schmidt Lattice 2014, Columbia University, June 23,2014



i
> s * .
’ L - -
Fas o = T EIDA
' - \ - e SN T e
T T W "L ) PO . ': - = i .
~ L W N\ i s = PN ST -
S — = - R
— T a0
8 e -
u . Yo ; ‘-'."‘?ﬁ
[ | e e e "
s -3 N
= . - . Bl - n_J—— '_-g'____‘_, L e ~ « "
i~ Bl N @ W S

Explore the QCD phase diagram

Analyze freeze-out conditions

This talk
BNL-Bielefeld, PRL 109 (2012) 192302.

Identify the relevant degrees of freedom

See talk by
H.-T. Ding

BNL-Bielefeld, PRL 111 (2013) 082301;
BNL-Bielefeld-CCNU, arXiv: 1404.4043, arXiv: 1404.6511.
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Lattice parameters: |
e (2+1)-flavor of highly improved 0.2 |

staggered fermions (HISQ-action) [ 8 e -
. . . 0.1 | phys,8 ¢ -
e a set of different lattice spacings - T,=154(9)MeV

(N, = 6,8,12) 0 b
_ _ oo / BNL- Blelefeld
e two different pion masses: 01 L oreliminary -
m, = 140,160 MeV | gﬁﬁ :
e high statistics: (10 — 16) x 10° 0.05 | :
configurations f * T[Mev]

O I I . I . I
140 160 180 200 220 240

—> statistical and systematical errors are under control
—> In general: find good agreement with HRG model for T<155 MeV
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2nd order, O(4)
2nd order, Z(2)
1st order

crossover

assume scaling hypothesis
for the free energy:

f = fs(t, h) 4+ regular

with
Afs(t,h) = fs(At, A" h)

—> in the chiral limit (h=0):
f ~ Ay [t|°”° + regular

critical exponent:

o
O(4) -0.213
Z(2) +0.107

—> at ug = 0, 4th order
cumulants develop a
cusp, 6th oder
cumulants diverge

Christian Schmidt

Lattice 2014, Columbia University, June 23,2014



assume scaling hypothesis

LHC may for the free energy:
establish contact
— Js\Uy ]
with the QCD 1+ 1 P———r = fs(t, h) + regular
chiral phase 2nd order, Z(2) with
transition . ’\ 1et order >\fs (t, h) — fs()\atta \ %k h)
s CEER crossover : : L
Er“ —> in the chiral limit (h=0):
RHIC may f~ Ag|t|?”® + regular
establish
evidence for a critical exponent:
QCD critical point s
AL BT O(4) -0.213
| es Z(2) +0.107
: u,d
L TR L : at l’l’B — O, 4th Order

My, d cumulants develop a
cusp, 6th oder

—> analyze universal scaling behavior cumulants diverge

Christian Schmidt Lattice 2014, Columbia University, June 23,2014



2nd order, O(4)
2nd order, Z(2)

1st order

matching scaling fields to QCD at up = 0:

crossover

Lattice

1 T — T, 2
S (CSEC)
ho to T, T

controlled by non-universal normalization
constants tg, hg, K

p — o Tt -
= —h@m/B L (/RYPO) — £,(V, T, )

T4
(universal scaling function) (regular part) '0-:3 ’

. . . : _ . 1/86 1.2 F
fr is function of scaling variable: z = t/h /B 44l

1.6 |
0.1

iy
01 |
02 |

ng) -~ mg2—a—n/2)/ﬁéf}n/2) (t/hl/ﬁ‘s) pot}

0.4 L

—> critical behavior of cumulants (at ug = 0):

-|4'-|2' 0 |2' |4
Karsch, Engels, PRD 85 (2012) 094506
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evidence for universal scaling behavior with HISQ from chiral
condensate and chiral susceptibility (H.-T. Ding et al. Lattice 2013)

140 —— . . ,
2 - 1/8 =160 MeV
Xgis [/ T — (M-f_.,)h m —X—
10T d'5='1 MeV + N 5. R - " 40MeV e
m_=160 MeV ——x— I _
100 I n 140 MeV | 1.6 110 MeV —a—
90MeV — o ™ 80MeV - m
80  80MeV —m— 3} + : . 12| o)
preliminary 44 1t
60 r § ® . . .
A A g; 08 I preliminary
40 T Lt txx X gfl 1 06 |
A g [ % X * ii ¥ 04 L
20 - @ TMev] ¢ ol | 2P0 | |
120 130 140 150 160 170 - 1 0 1 2 3
2 2(1/6—1 _ e 4
Yais/T? ~ mﬂ( /6—1) M = mg(ypy) /T

—> scaling region extents to physical pion mass

Christian Schmidt
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strange

HRG

5 Ni=6 - N,=6 &
[ 8 m
[ : 8
;' BNL-Bi-CCNU |
5 F ++#+ preliminary
E . n . &
| B i v |
0.5 | } % O/ BNL-Bi-CCNU
[ -5 + estimate of e 1
R singular part preliminary
e TIMeV) U S O D N . T[MeV] -
120 140 160 180 200 220 240 260 280 120 140 160 180 200 220 240
—> no evidence for typical —> clear evidence for typical
O(4) singular structure O(4) singular structure
—> reqgular contribution —> regular and singular
dominates contribution
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some universal numbers:

width of the transition
region (as seen by xf):

Az =24 —2_~3
—

T, —T_ =

1 toT. (m, ) e

Az h(l)/ﬁ‘s mg

at the physical point:

Christian Schmidt

0.1

0.0

-0.1
-0.2 1
-0.3 r

-0.4

_ f]£3)(z) ______\
Z=Uh1/[38
-4 2 -1 0 1 2 3 4
z_ ~ —1.50
Z4 ~ —1.48
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some universal numbers: Bomind ] U —
X6’ — (3)
. . 0.0
ratio of minimum to \
maximum;
0.1 t .
B,mwn B,max ._
X6 ? X6 ? ~/ _607 02t i
—> depth of minimum at high T 0.3 | :
fixes maximal singular & me /85
it - z=t/h
contribution at high T 04 L o eme
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10 I — I I I I
U - N.=6 ———
Xe6 / HRG R E—
regular part |
dominated by ° / ]
HRG atlow T |2~ \#\
. ~_ A | I -
I
" IH singular part
generates dip at
T 1 highT
T[MeV]
-10 I L L I 1 L

120 140 160 180 200 220 240

total = singular + regular

—> approximate agreement with HRG and sensibility
to O(4) scaling are not in disagreement

Christian Schmidt Lattice 2014, Columbia University, June 23,2014



proton number fluctuations relative strength of the NLO correctlon to

the pressure is controlled by X, /X2

1 i _ “Au+Au Collisions at RHIC _ -
o osl E.§ Skellam Distribution | 1.2 _XB/XB TC=(154 +/-9) MeV
O o6l O e 70-80% | 4082 T
0-4 _ D. -------- 05% | 1 Al Ta
' Net-proton RIS, g . HRG T~ BES: 200GeV
0.2 0.4<p._<0.8 (GeV/c),ly|<0.5 ﬂm? I L
_— : _— . 08 +
1.2 Y . _ NT=6 A
10 T | PP Upues o SN
o 0 0.6 | 8 m
O s
+p dat i
~ 0.6 5 AurAu 70-80% | 04 BNL-Bielefeld
@ Au+Au 0-5% preliminary
04} | M Au+Au 0-5% (UrQMD)| :
: g \O{ Ir{1di F:rPd. (0-5%) 0o |
free _
. | ~ T[Mev] * ——
120 140 160 180 200 220 240 260 280
. B B

567810 20 3040 100 200
Colliding E GeV 4 . .
oliding Eneroy { S (GeY) O(ppy) contribution to pressure

STAR, arXiv: 1309.5681 = ; — <1

O(p B) contribution to pressure

for p/T < 3.5
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T4 | %

p 1 752N
A In Z(V, T, up) = Z EXE (_)

n,even

—> consider radius of convergence

T ., m—oo n'vB
crit \ 'Xn—|—2

—> basic quantities —> singularity on the real axis only if
B
XTB;/XE—FZ X,, > 0 foral m > mg
=1 for HRG

need to deviate from HRG like n2

to obtain finite radius of convergence
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oId T=

we find so far no evidence for large enhancement over HRG for T' < T'c (n < 6)

10

1.2 -XE/XEL l T.=(154 +/-9) MeV _ X’g' HRG | N1:'=g o
1 - § A
_Hgg{ +—— BES: 200GeV _ 5 % :
| N=6 4 % + }
0.6 - 1 8 W 0 I T E e L8 . "
ol BNL-Bielefeld | ) +#
| preliminary 5 %
0.2 r | ik
L Ty e o TMeV]
120 140 160 180 200 220 240 260 280 120 140 160 180 200 220 240

crit

—> this suggests large ug

Christian Schmidt Lattice 2014, Columbia University, June 23,2014



’ o

Summary

* Approximate agreement with HRG model calculations at freeze-out and
sensitivity to O(4) singular behavior are not inconsistent with each other

e Higher order fluctuations need to deviate from HRG like n* in order to
obtain a finite radius of convergence

* 6th order cumulants are sensitive to O(4) scaling but will pick up only a
small singular contribution at low T. This favors estimates for the
location of a critical end point at large baryon chemical potentials

Christian Schmidt Lattice 2014, Columbia University, June 23,2014



e > 0: xB = _3(2kpty")2h" /2 £ (2)
—6(2kpty 1)? (%) h =0T/ 2 £ (2)
_(2kpts s A (2-|—a)/Af(4) (z) +regular

dominates in the chiral
limitorif oG >02>1

0.15

—> close to T.:

0.1 r

0.05

-0.05
B.Friman, FK, K.Redlich,V.Skokov,
Eur. Phys. J. C71, 1694 (2011)

-0.1 ¢
-0.15 ¢

-0.2

—> mapping of scaling variables non trivial
-4 2 0 2 4 M. Stephanov, PRL 107 (2011) 052301

-0.25
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